The interior ballistics simulations in 9 mm small gun chamber were conducted by implementing the process into the mixture multiphase model of Fluent V6.3 platform. The pressure of the combustion chamber, the velocity, and the travel of the projectile were investigated. The performance of the process, namely, the maximum pressure, the muzzle velocity, and the duration of the process was assessed. The calculation method is validated by the comparison of the numerical simulations results in the small gun with practical tests, and with lumped-parameter model results. In the current numerical study, both the characteristics and the performance of the interior ballistic process were reasonably predicted compared with the practical tests results. The impact of the weight charge on the interior ballistic performances was investigated. It has been found that the maximum pressure and the muzzle velocity increase with the increase of the charge weight.
Introduction
Small guns have been used for a long time. Nowadays, they are still the most used in military, sports, and tests. A hand gun can be modeled with two connected cylinders representing, respectively, the combustion chamber and the launching tube (the barrel of the gun). We can assume that the two cylinders have the same diameter because for small gun using rimless ammunition the diameters are almost the same (see Figure 1 ). The breech contains the primer, a small space filled with black powder. The space defined by the combustion chamber, sealed by the projectile, is filled with solid propellant [1] .
The basic interior ballistic process may be considered as a heat engine which, through combustion, converts the chemical energy stored in solid propellant into kinetic energy for the projectile [2] . This process is well described by Farrar and Leeming [3] . The sequence of this process can be briefly described as follows. The firing sequence begins with the ignition of the primer. This injects hot gases and incandescent particles into the propellant bed which cause the ignition of the solid propellant grains. The gases and energy liberated by the combustion of the propellant increase dramatically the pressure and the temperature within the sealed chamber. Since the burning rate of the propellant is roughly proportional to the pressure, the increase in pressure is accompanied by an increase in the rate of combustion at which further gas is produced. Usually slightly before peak pressure, the projectile starts travel down-bore. The movement of the projectile causes the chamber volume to increase and generate refraction waves, which lower the pressure [4] . The projectile continues to accelerate until it reaches the muzzle where the propellant gases expand, the pressure falls, and so the acceleration lessens. The sequence of interior ballistics ends when the projectile leaves the muzzle. The entire sequence takes less than 2 milliseconds for small guns.
Since computational efforts increased dramatically in the last decade, numerical simulations of interior ballistics process have been established as valuable tools in research and development of high-performance guns. Besides their simplicity, low cost, and safety, they provide data that cannot be directly measured by experiment.
The main purpose of computer modeling of the interior ballistics process is to predict the muzzle velocity of the projectile, the maximum pressure in the chamber, and the pressure history in the system during the process as well. Computer modeling can be accomplished by using one-dimensional, single-phase, "lumped-parameter" models, such as IBHVG2 [5] and STANAG 4367 [6] , which are based on the assumption that grains and the products of combustion constitute a well stirred mixture or by using multidimensional multiphase flow model [7] .
Presently, the most accurate modeling of the interior ballistics problem is provided by two-phase, multidimensional computational fluid dynamics (CFD) codes, such as the American codes: NOVA or XKTC [8, 9] , NGEN [10] , and European codes: AMI [11, 12] , MOBIDIC [13, 14] , CTA1 [15] , and FHIBS [16] . These codes are elaborated precisely for the simulation of interior ballistics process. They are the results of many years of improvements and validation and most of them were developed for large guns.
In this paper, we have attempted to elaborate two-phase flow interior ballistic model for small-caliber gun and implement it into commercial CFD code Fluent. The characteristic curves of pressure, projectile velocity, and projectile travel are reproduced, and the performances of the interior ballistic process are predicted.
Theoretical Model
The mixture model of Fluent is used to model the unsteady, reactive two-phase flow of solid propellant and its gaseous combustion products. This model can model n phases (fluid or particulate) by solving the momentum, continuity, and energy equations for the mixture, the volume fraction equations for the secondary phases, and algebraic expressions for the relative velocities [17] .
Basic Assumptions.
The combustion of the solid propellant in the gun is a complex process. It is necessary to accept some assumptions to be able to model this process using the mixture model. Some of the assumptions are the same as those mentioned by Gokhale and Krier [18] and then reproduced by Gollan et al. [2] . The basic assumptions used are (1) the solid phase, composed of solid propellant, and the gas phase, composed of propellant combustion gas; (2) air in the chamber which is neglected because mass of the air is very small compared with the mass of combustion gas produced from solid propellant [19, 20] ; (3) the two phases are treated as interpenetrating continua but separately; coupled by appropriate interaction terms which account for mass and energy transport between the phases; (4) the solid, considered as an incompressible pseudofluid; (5) the solid (propellant) burning which results in loss of mass from the solid phase and equivalent gain by the gas phase; (6) the gases which are inviscid except for their action on the particles through the drag; (7) the gas viscosity, assumed to be known as a function of temperature; (8) the gas phase, considered as an ideal gas; (9) the ignition assumed to be ideal; that is, all the solid propellant grains are simultaneously and uniformly ignited; (10) the walls which are adiabatic.
Governing Equations.
The balance equations for mass, momentum, and energy of mixture flow in propellant chamber and gun barrel are given by
where the subscript denotes the phase . For primary phase = 0 and for secondary phase = 1, . . . , , where is the number of the secondary phase present in the flow, is the volume fraction of phase .
In (1), ⃗ V is the mass-averaged velocity and is the mixture density. ⃗ V and are given by (4) and (5), respectively. Consider the following:
The momentum equation (2) can be obtained by summing the individual momentum equations for gas and solid phases, where ⃗ is a body force, is mixture viscosity, and ⃗ V , is the drift velocity for the solid phase .
and ⃗ V , are given by (6) and (7), respectively. Consider the following:
The first term on the right-hand side of energy equation (3) represents energy transfer due to conduction, where eff is the 
where subscript denotes primary phase and subscript denotes secondary phase.̇anḋaccounts for mass source exchange between solid phase and gas phase. In order to fully describe the system, additional equations are needed to determine some terms in previous equations and to implement the physical process of the interior ballistics into Fluent.
Constitutive Laws.
We use constitutive laws to determine the mass and energy exchanged between the phases, the interphase drag, the propellant combustion rate, the propellant grain size calculation, and the projectile motion.
Mass and Energy.
As the volume of solid propellant decreases by propellant combustion, the volume of the gas increases. The rate of decomposition of the solid propellant, in the control volume, is given bẏ
where is the porosity, is particle surface, is particle volume, is the solid density, and is propellant linear burning rate which is modeled by Vieille's law (also known as St. Roberts' law) [21] ,
where , , and are constants for a given propellant material; they are determined from closed vessel (also called manometric bomb) experiments. The experiments are described in STANAG 4115 [22] and by Mickovic [23] .
The energy exchanged between the gas and solid phases, the last term in (7), is given by
where ℎ ex is specific heat of propellant combustion [J/kg]. The mass and energy terms, (9) and (11), were implemented into Fluent as source terms via User Defined Function (UDF).
2.3.2.
Particle-Size Calculation. The particle diameter can be calculated as the average diameter of all particles at the considered location; however, this assumption is far from accurate. In fact, the movement of the projectile creates a pressure gradient inside the chamber. According to Vieille's law, propellant grains under high pressure will burn more quickly and then produce more gases. This phenomenon maintains the pressure gradient which induces a spatial distribution of propellant grains size. In order to take into account this spatial distribution in the determination of the particle size, a similar method to Spalding's [24] "Shadow" method [25] is used. The method consists to solve an additional transport equation which expresses the conservation of number of grains per unit of volume. Consider
where [ Equation (12) is used to calculate the volume of the solid particle in the considered location, and by assuming that the solid particle has the shape of sphere, the particle diameter in the considered location is given by
Interphase Drag.
The interphase drag in the chamber is given by [7, 20] . For spherical particle, the interphase drag has the following form:
where sc and Re are given by
Projectile Motion.
The motion of the projectile, which is a translation along the gun barrel axe, is updated according to Newton's second law:
where is the mass of the projectile, V/ is its acceleration, and ∑ is the sum of all forces acting on it. There are two opposing forces acting on a projectile within the gun: the propelling force pr , due to the high pressure propellant gases pushing on the base of the projectile, whilst the frictional force, fr , between the projectile and bore, which includes the high resistance during the engraving process, opposes the motion of the projectile [3] . Thus, (16) can be written as
where is gun tube cross-sectional area. When the propelling force becomes great than the frictional force, the projectile starts moving. In Fluent, the projectile is represented by a moving wall. The "Dynamic mesh" module is used to update the mesh during the calculation.
Method of Solution
Finite volume method by Patankar [26] was used to solve the governing equations. The differential equations were discretized by a second-order upwind differencing scheme over the finite volume and solved by the commercial CFD package Fluent V6. As the whole process occurs in less than 1 millisecond, a very small adaptive time step (1 × 10 −7 s to 1 × 10 −9 s) with 20 iterations per time step was used. The numerical convergence criterion (as defined in Fluent 6.3 [17] ) is set to 1 × 10 −6 for energy and 1 × 10 −3 for other scaled residual components. Underrelaxation factor which is equal to 1 is adopted for all flow quantities. The materials properties and the operating conditions are summarized in Table 1 .
Results and Discussions
There are a considerable number of numerical and experimental works dedicated to large-caliber guns, which make the validation of numerical simulation of those types of guns easy; however, a limited number of works have been done for small-caliber guns. For our case (small gun 9 mm) we could not find experimental or numerical data in the literature. This motivates us to do some experiments in the future works. Fortunately, for the current work we can compare our results, especially, the interior ballistic performance of the gun, with test results delivered by ammunition companies [28] [29] [30] and with the results of the thermodynamics interior ballistic model with global parameters code (STANAG 4367) [6] .
For all the simulations, we consider a "perfect ignition"; that is, the solid propellant begins to burn at = 0 s in the entire volume of the chamber. Thus, we do not simulate the igniter. We replace the effect of the igniter by raising the initial pressure to 2 MPa [31] . [28] for a Charge Weight of 0.245 g. A 9 mm cartridge is usually filled with a solid propellant mass varies between 0.18 g and 0.50 g. This charge weight depends on the type and density of the powder, as well as on the type, mass, and manufacturer of the projectile [28] [29] [30] . For a fast burning, low density, double base, ball propellant powder and an Ares lead projectile type RNBB of mass 8.0 g, the solid propellant weight varies between 0.190 g and 0.245 g [28] . In this section, the interior ballistic process inside 9 mm gun is simulated for charge weight of 0.245 g. Table 1 lists the parameters used for this simulation.
Comparison with Firing Test Data by
First, the interior ballistics is simulated assuming that the friction pressure inside the barrel equals zero, except for = 0, where the friction pressure equals engraving pressure ( Figure 9 ). The resultant characteristic curves are shown in Figures 3-8 . Figure 3 shows the time history of the mean pressure inside the combustion chamber for tow grids with different mesh sizes. It is clear that the mesh refinement has no effect on the pressure-time curve; therefore, a 1 × 1 mm cell size mesh is fine enough for this ballistic simulation. The combustion chamber pressure profile is similar to that known for interior ballistics in firearms. The whole process happens in less than 1 millisecond which is a good prediction for the time of interior ballistics process in handguns. shows the time history of the pressure differnce (breech pressure-base pressure). At the early stage of combustion ( < 0.15 ms) the breech pressure equals the shot base pressure. This is because a perfect ignition is considered. When the rate of reaction becomes more important, a pressure gradient established between the breech and the shot base. This gradient becomes more important with the motion of the projectile and reaches its maximum value (about 5 MPa) slightly before the peak pressure time. In the detent phase, the breech and the shot base pressures decrease with time, as well as the difference between them. Figure 5 represents the shot base pressure, velocity, and travel of the projectile as functions of the time. The velocity of the projectile and its travel inside the barrel directly correspond to the pressure at its base. The projectile starts moving when the pressure at its base is greater than the International Journal of Chemical Engineering 7 friction pressure, which in this case is equal to 40 MPa. Figure 5 reveals that the projectile movement starts at about 0.165 ms, but the projectile velocity is very small so that the projectile travel is almost zero. From 0.25 ms, the velocity of the projectile starts to increase rapidly as a direct result of the pressure augmentation behind it, this allows the projectile to travel more rapidly inside the barrel until it leaves the muzzle of the weapon at 0.76 ms. Figure 6 represents the base pressure and the velocity as functions of the shot travel down the barrel of length = 0.15 m. It can be seen that the major acceleration of the projectile happens in the first one-sixth of the barrel length where the pressure behind the projectile is higher than 100 MPa. At = 0m, the stationary projectile seals the combustion chamber. The combustion of the solid propellant produces high pressure gases which dramatically increases the pressure inside the closed volume of the chamber. As soon as the pressure behind the projectile is high enough to overcome the friction pressure, the projectile starts moving down the barrel creating an increasing volume to be filed with the high pressure gases produced by the combustion. The pressure inside the chamber continues to rise until the peak pressure is reached (about 208 MPa); then, it falls down as the projectile moves forwards and the volume increases. However, the projectile continues to accelerate for the remaining travel in the barrel.
From Figure 7 , which shows the time history of solid volume fraction inside the combustion chamber, we can see that the consumption of the solid propellant happens in the first 0.3 ms; thus, when the projectile reaches 0.00828 m length of the barrel, the solid propellant is almost all consumed, and the acceleration of the projectile is done only by the expansion of the gases down the barrel. At the projectile exit time 0.76 ms practically there is no solid propellant (solid volume fraction equals 2.6 × 10 −07 ). Figure 8 displays the average Mach number history for the mixture and gas phase in the combustion chamber and the Mach number for the mixture and gas phase at the base of the projectile. The mixture is composed of the gas phase and solid phase; therefore, the evolution of mixture Mach number is different from that of the gas phase. However, after = 0.3 ms, the solid phase is almost consumed and the mixture is practically composed of just the gas phase; thus, the Mach number is the same. Before = 0.165 ms, the Mach number is equal to zero because at that stage the pressure is low, the projectile is immobile, and the gas velocity inside the chamber is very small. After = 0.165 ms, at which the projectile starts moving as a result of the raising of pressure inside the chamber, the Mach number, following the rapidly accelerated projectile, quickly increases until about = 0.4 ms. Beyond that point, the combustion is finished and the acceleration of the projectile is moderate. Thus, the Mach number shows a low increase until the end of process. At the end of process the Mach number equals 0.36. The fluid is subsonic during the whole process.
The previous results show that the present simulation represents, qualitatively, adequately the main interior ballistic behavior and characteristics for small-caliber gun. Comparison of computational and practical tests results [28] for the interior ballistic performance is given in Table 2 .
This comparison reveals that the present simulation underestimates the maximum average pressure (measured at the mouth of the case) by 10.64%, and overestimates the muzzle velocity by 11.18%. These results can be ameliorated by taking into account the barrel friction.
The case is resimulated taking into account the barrel friction, which is shown in Figure 9 , and the new interior ballistic performance is presented in Table 2 . A net improvement in the maximum average pressure and the muzzle velocity of the projectile is achieved. The pressure is underestimated only by 2.34%, and the muzzle velocity is overestimated just by 0.82%. Therefore, the barrel friction is an important parameter in the simulation and has a great influence on the estimation of the interior ballistic performance, especially the muzzle velocity.
Comparison with a Lumped-Parameter Code.
The same previous case (mass weight 0.245 g with the same parameter listed in Table 1 and taking into account the barrel friction) is simulated using a lumped-parameter code which uses thermodynamic interior ballistic model with global parameters known as STANAG 4367 [6] . The chamber pressuretime history for present code and STANAG 4367 are shown together in Figure 10 , and the interior ballistic performance of STANAG 4367 is presented in Table 2 . Figure 10 shows that the evolution of the pressure during the process has the same trend for both codes. Also the overall time of the process is almost the same. However, the pressure rise predicted by STANAG 4367 is faster than that predicted by the present code. For STANAG 4367 the pressure reaches its maximum at 0.212 ms while for the present code the pressure reaches it maximum about 0.066 ms later. This discrepancy is due to the early stage of the process. STANAG 4367 takes into account the ignition phase so we can note a fast rise of pressure to 5 MPa only after 0.004 ms while the present code does not take into account the ignition phase and it takes about 0.066 ms to reach 5 MPa. Table 2 reveals that the present code, which is twophase flow local-parameter code, predicts more accurately the performance of the interior ballistic than the one-phase global-parameter code.
Effect of Weight
Charge. In order to see the effect of the weight charge on the interior ballistic performance and verify the ability of the code to simulate the interior ballistics process for small gun 9 mm with different porosity, six others simulations were carried out. Five weight charges, 0.190 g, 0.201 g, 0.212 g, 0.223 g, 0.234 g, and 0.245 g (simulated previously), were used to cover all practical range of the charge weight for 9 mm ammunition used in this simulation. An additional charge of 0.256 g is simulated to show the effect of an overcharge on the performance. The results of these six cases are represented together with the results of the 0.245 g case in Figure 11 , which shows the time history of the shot base pressure with respect to the charge weight, and Figure 12 , which shows the time history of the projectile velocity with respect to charge weight. Figures 11 and 12 clearly denote that the larger the solid propellant charge is, the higher pressure is produced and the higher muzzle velocity is achieved. Naturally, a large amount of solid propellant releases a large amount of energy; therefore, a higher pressure is produced inside the chamber which propels the projectile down the barrel with higher velocity. Figure 13 represents time histories of the solid volume fraction for all cases. When the initial solid volume fraction is high, a high number of solid propellant particles will be in the chamber which increases the surface of combustion. According to the combustion law in (10), the rate of the combustion increases; thus, the consumption of the solid propellant accelerates and the whole time of the process decreases. Table 3 reveals that higher muzzle velocity can be achieved by using a higher mass of solid propellant; however, this leads to higher pressure in the gun which may cause a risk of damage for the gun if it exceeds the pressure limit supported by the weapon.
The muzzle velocity against the solid propellant charge is depicted in Figure 14 . It can be seen that for a charge weight between 0.190 g and 0.245 g, the present simulation predicts the muzzle velocity within about 5% error. The discrepancy between the firing data and the simulation results mainly attributed to the difference between the numerical modeling and the real case. The present simulation only takes into account the effect of the combustion of the solid propellant and ignores other parameters such as the heat transfer and the form of the projectile body. In fact, in the real case the performance of the interior ballistics depends on the efficiency of the solid propellant, as well as on the efficiency of the projectile.
Regarding the great complexity of the phenomena and the assumptions considered, the results presented above show that the code simulates adequately the process of interior ballistics in small gun using 9 mm cartridge, especially the prediction of the performance of the process such as the chamber pressure, the muzzle velocity and the time of the process.
Conclusion
The interior ballistics simulations in 9 mm small gun chamber were carried out, using two-phase flow dynamics code of two-dimensional axisymmetric calculation method implemented into CFD software Fluent. The model includes conservation equations of the Fluent mixture model with appropriate constitutive laws. The comparisons of simulations with the available practical tests results showed that the obtained interior ballistics process performance results, namely, the average maximum pressure, the muzzle velocity, and the projectile exit time, are in good agreement. Unfortunately, the lack of experimental data did not enable us to validate the velocity of the projectile and the pressures histories. However, the profiles showed the general form observed in such simulations. The results given by this simulation are better than that given by lumpedparameter code (STANAG 4367). The code adequately represents main interior ballistic parameters and characteristics in the limit of the considered assumptions.
